Predicting the nature of conflict over the next 20 years will be even more difficult. The span of potential action ranges from counter-insurgency warfare to force-on-force conflict with a technologically savvy peer-competitor. It is impossible for the United States to optimize its force structure to cover the full spectrum. Additionally, the rate of technological change is accelerating. 1 New and novel threat systems and technologies will proliferate faster than the United States can field systems to leverage and/or counter them.
Together, the uncertain nature of future conflict and the accelerating rate of technological change put the United States at significant risk of entering its next conflict unprepared for the fight at hand. It is possible, however, to mitigate this risk. During the Cold War, the United States had one enemy and could organize, train and equip accordingly. The future will be different: there will likely be a broad range of potential competitors. In addition, the accelerating rate of technological change and the fusion of Genetics, Robotics and Nanotechnology 3 will drive rapid innovation and an ever-shifting landscape of threats. The ability to quickly field new systems (or modify existing ones) will likely be one of the major characteristics of a successful military. Furthermore, if the United
States is able to demonstrate this sort of rapid fielding capability, it will help preemptively deter enemies from developing new threats. Potential adversaries may decide that their competitive advantages would disappear too quickly to justify the cost of research and development for cutting edge systems. Regardless, the United States will not be able to predict the nature of its next conflict with enough accuracy to equip itself to guarantee success. Instead, the Department of Defense must develop the capability to field new equipment very rapidly, as the need becomes apparent.
There have been several studies inside and outside the Department of Defense focusing on the need to improve the department's ability to respond to urgent requirements. While Additive Manufacturing will be a potent tool to help improve Speed-to-Field, the advantages it offers in rapid prototyping, testing and production apply only to one small part of a much larger acquisition and logistics process. This paper will focus on the technology advantages Additive Manufacturing offers to the design, testing and fielding of new technology.
It will also address some of the benefits Additive Manufacturing offers to sustaining, maintaining and modifying fielded systems. But any improvements in the aforementioned processes will need to be accompanied by parallel improvements in bureaucratic support systems that are beyond the scope of this paper.
Additive Manufacturing and How Can it Help the Department of Defense
The revolution is not additive versus subtractive manufacturing; it is the ability to turn data into things and things into data.
Neil Gershenfeld, writing for Foreign Affairs

7
Additive Manufacturing is a term that describes a set of techniques used to convert a computer-generated design to a finished structure by assembling materials incrementally, one layer at a time. Additive Manufacturing is a subset of a broader set of processes which all use computer modeling as their basis: Direct Digital Manufacturing (DDM). 8 In addition to Additive Manufacturing, Direct Digital Manufacturing covers two other processes: Subtractive
Manufacturing and Hybrid Techniques. 9 Subtractive Manufacturing uses more traditional methods of removing materials from a mass to produce a part. Hybrid manufacturing combines elements of both of the above. This paper will focus exclusively on the promise of Additive
Manufacturing, but this focus is not intended to discount the value of other Direct Digital Manufacturing techniques.
Additive Manufacturing provides some unique advantages to designers and manufacturers. For instance, tooling costs are responsible for about 60 percent of the cost of building a new prototype. 10 But Additive Manufacturing allows prototypes to be constructed one layer at a time without re-tooling, so prototypes manufactured using this technology can be produced at greatly reduced cost. The lack of a requirement for tooling also allows designers to explore the limits of design tolerance without fear of a lengthy and costly retooling process. This also enables designers to experiment with a broader range of prototypes.
Another major advantage of Additive Manufacturing is the elimination of waste. Procuring spare parts for a system like the B-52, whose production line has long been closed, can be a daunting challenge. Sometimes spare parts simply aren't available; instead, they have to be reengineered. Additive Manufacturing has the potential to cut significant time from the reengineering process. Engineers use a three dimensional scanner to "map" the desired part, creating a design plan which can be transferred to an Additive Manufacturing machine to either produce the part directly or to produce a detailed model to expedite follow-on construction using traditional manufacturing techniques. Either can cut significant time and expense in an otherwise lengthy processes.
A final advantage for Additive Manufacturing is its potential impact on the industrial base. Since the cold war, the number of manufacturers who could build sophisticated systems like aircraft and ships has been shrinking. While Additive Manufacturing is unlikely to hold the key to turning a kitchen appliance factory into a shipyard, it may indeed return a great deal of flexibility to the industrial base in the United States. In World War II, the American factories designed to make cars and other domestic products quickly retooled to produce planes, tanks and ships; the processes where similar enough to enable such transition. Today, military equipment tends to be much more sophisticated and to require specialized machinery, but as industry adopts
Additive Manufacturing processes, one side benefit may be to restore flexibility to the industrial base. In the future, a broader range of domestic manufacturers may be able to shift focus their focus from domestic to military production if circumstances require.
In summary, Additive Manufacturing has the potential to reduce or eliminate re-tooling costs, enable rapid prototyping, help reengineer out-of-production parts and cut waste. It may also deliver significant energy savings, facilitate complex designs and significantly accelerate Speed-to-Field. All of these advantages could help the United States military overcome resource constraints to gain significant competitive advantage against state and non-state competitors.
The State of the Art
Additive techniques have shown promise as a means of fabrication with metals, polymers and organic materials. There are several different types of Additive Manufacturing processes.
They include 3D printing and Additive Beam Techniques. Although rapid prototyping is one of the great areas of promise for Additive Manufacturing, the technology is still underdeveloped in many ways. Some of the most promising techniques for working with metals also require significant pre-and postmanufacturing processing time-heat treating and polishing, for example. These pre-and postmanufacturing requirements can account for as much as 80% of total production time. Manufacturing. The review found advantages and disadvantages to several techniques. For example, 3D printing techniques were excellent for prototyping but generally did not produce products durable enough for field use. 19 Conversely, many additive beam processes capable of working with robust specialty metals were limited in the size of the parts they could produce, had slow deposition rates, and/or required significant post production machining to bring the parts into tolerance. 20 Another limitation of Additive Manufacturing is that, in most cases, traditional mass production manufacturing techniques are more economical for large batch quantities. 21 Still, there is a lot of promise, even with current technology. Manufacturers are pushing the envelope on a daily basis. One area of investigation is printing circuitry. Companies are exploring ways to imbed electronics directly into to structures using 3D printers. One company, Optomec, partnered with a Unmanned Aircraft System producer and a 3D printing company to design and produce a "smart wing" for a small drone. 22 This enabled the company to imbed sensors and other electronics directly into the frame of the aircraft. The company's concept is to generate the capability to produce small drones customized for their missions on demand. 23 The ability to use Additive Manufacturing to imbed electronics into "printed" objects has the potential to greatly improve the design and flexibility of a myriad of systems, but producing microchips is still out of reach for current Additive Manufacturing technology. 24 Right now, the limited material science research that has been done by private industry is largely guarded as proprietary information. 29 Industry insiders say to be truly viable, every material needs to have Design Allowable Data so that materials are fully characterized and parts can be designed accordingly. 30 The second major challenge for Additive Manufacturing is in-process controls and part certification protocols. Many of the current commercial machines operate on fixed settings and are essentially "dumb." 31 The user feeds the program into the machine and it goes through the motions to build a part, layer by layer. Each new layer creates the opportunity to introduce a mistake, but there is no feedback mechanism in the process to identify flaws and either abort the build or correct errors in real time. Simply jarring a machine once during manufacturing could theoretically ruin a part that took hours to build. In process controls could help detect and correct such flaws; they are of even greater significant for users that are trying to print functional components rather than prototypes used simply for form factor.
Even if material science and in-process control issues can be solved, Additive
Manufacturing still faces a major hurdle. In general, it is not as cost effective as traditional manufacturing methods for large-batch production. Part of the reason is in the limitations of present-day Additive Manufacturing machinery. Most use either single laser beams or single deposition heads to construct objects. The machinery is expensive and output is slow. To compete with traditional manufacturing, the ratio of productivity to capital cost must improve. 32 Future machines will need to be massively parallel with multiple beams or multiple deposition
heads. This will only add complexity to the process controls needed to produce defect-free parts. 33 To address these issues, the United States government is engaged in a broader effort to No future is certain, but reviewing the current state of Additive Manufacturing technology and literature about its future trajectory makes it possible to project potential trends for the technology. None of these capabilities is guaranteed, but all seem well within the realm of reality.
The near future: 5-10 years -In the commercial sector, there will be a focus on incorporating Additive Manufacturing techniques into aerospace applications, consumer products, medical implants, and distributed manufacturing. 39 The Department of Defense should parallel and leverage these efforts in order to lower costs and/or improve designs for aircraft, bolster care of wounded warriors and explore the possibilities of limited parts production at forward locations.
-There will be sufficient material understanding and process controls to begin limited manufacturing of structural parts using Additive Manufacturing techniques. 40 The Air Force, for example, can leverage these advances to improve the design and manufacturing of items like aircraft wing spars, engine turbine blades, and gun barrels.
-Technology should mature to the point that industry can produce hybrid manufacturing machines that leverage the capabilities of multiple Additive
Manufacturing technologies in addition subtractive manufacturing techniques. 41 These machines could be capable of producing complex parts made of multiple types of materials, to include large sections of aircraft or vehicles.
-There will be 3D printers capable of embedding circuitry and antennas into casings for electronic devices. Machines like these will enable designer to free up room in traditional form factors for even more advanced capabilities. 42 One potential application for this technology is to open space for additional sensor payloads in current Unmanned Aerial Vehicle designs.
On the horizon: 10-20 years -It will be possible to print functional assemblies of multiple parts. 43 This will provide the Department of Defense, working with industry, vastly accelerated capabilities in rapid prototyping and short-notice production of small batch quantity machines.
-Decreasing costs will help popularize basic household Additive Manufacturing machines, primarily designed to work with plastics or other polymers. The world will enter an era of personalized additive manufacturing.
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-There may be programs and machines designed to "print food." 45 This technology could help reduce labor requirements at dining facilities in forward-deployed locations and, if sufficiently mature, may help improve moral for military members.
-The military should have, by this point, developed process controls and protocols sufficient to enable rapid production and quality certification of replacement parts for out-of-production systems. This will enable significant cost and time savings;
it will also enable the military to extend the service life of a myriad of older systems.
Over the Horizon: greater than 20 years -Additive Manufacturing will enable the production of very large and complex objects, to include complete systems or subsystems.
-Additive Manufacturing techniques will make it possible to produce replacement organs. This will enable the military services to retain service members who would have otherwise been forced to leave the military due to severe illness, disease or injury; more importantly, it will save lives.
Implications for the Department of Defense
The future capabilities outlined above are not a given. implications for defense acquisitions. First, it will be possible to design and produce complex prototypes at a much cheaper price. If the Department of Defense is successful in streamlining some of the major bureaucratic roadblocks in its acquisition process, the department will be able to leverage Additive Manufacturing technology to respond to new threats in a very rapid manner.
Second, the military services be able to design systems specifically so that they have the option to use Additive Manufacturing to "print" replacement parts. It will be feasible to structure supply chains such that it is possible to produce parts and equipment at forward locations using Additive Manufacturing technology. This sort of capability may not be required in a stateside/in garrison environment, but could be a huge force multiplier in forward-deployed locations, especially if supply lines are threatened. The Air Force, for example, would be able to reduce bulk on supply runs by bringing in raw materials for certain high-demand aircraft parts and "printing" spares on an as-needed basis. In the rear, the medical benefits of Additive
Manufacturing will return wounded soldiers, sailors, Airmen and marines to the battlefield much more quickly through the regenerative medical benefits of this growing technological field.
Conclusion
There 
